We summarize temporal changes in the distribution of 2,3,7,8 -tetrachlorodibenzo -p -dioxin ( TCDD ) measurements made in serum drawn in 1987, 1992, and 1997 from 1419 Air Force Vietnam -era veterans who served as comparisons in a 20 -year prospective study of health and exposure to herbicides and their TCDD contaminant in Air Force veterans of Operation Ranch Hand, the unit responsible for aerial spraying of Agent Orange and other herbicides in Vietnam. Among comparison veterans, TCDD levels decreased significantly with time at a rate of À 0.25 parts per trillion per year. We also describe paired serum TCDD measurements in a subgroup of 33 veterans who had detectable levels in both 1987 and 1992. The paired measurements suggested that serum TCDD levels decreased with time, including those near the limit of detection.
Introduction
Polychlorodibenzo -p-dioxins ( PCDDs ) and -furans ( PCDFs ) are ubiquitously distributed toxic lipophilic substances, which are slowly eliminated and can be detected in human serum lipid and adipose tissue. The primary source of human uptake is via food, especially fish and dairy products. The PCDD 2,3,7,8 -tetrachlorodibenzo -p -dioxin ( TCDD ) has been the focus of many epidemiological and toxicological studies throughout the world.
Between 1978 and 1994, a decrease in the average intake of PCDD /PCDF has been observed in residents of Holland ( Liem et al., 2000 ) , and between 1986 and 1996 a tendency of decreasing PCDD /PCDF levels in residents of Germany has been observed (Papke, 1998; Papke et al., , 1996 Ð probably resulting from reduced emission of these compounds into the environment and a decreased uptake from food. A study of TCDD levels in adipose tissue of surgical patients and cadavers in the United States found a nonsignificant decrease in the overall mean level from 1982 to 1987 (Orban et al., 1994 ) .
Here we present follow -up results from a study of TCDD levels measured in serum from blood drawn during physical examinations in 1987, 1992 and 1997 from United States Air Force veterans participating as comparisons in a 20 -year epidemiological study of veterans of Operation Ranch Hand. The Ranch Hand unit was responsible for the aerial spraying of Agent Orange and other herbicides in Vietnam from 1962 to 1971 (Grubbs et al., 1995 ) . Agent Orange, was a 1:1 mixture of 2,4 -dichlorophenoxyacetic acid and 2,4,5 -trichlorophenoxyacetic acid and was contaminated, from less than 0.05 to almost 50 parts per million, with TCDD. Comparison veterans were stationed throughout Southeast Asia, including Vietnam, during the same time period that the Ranch Hand unit was active but were not involved with spraying herbicides. PCDDs other than TCDD have not been measured in the study, nor have PCDFs. A substudy of 33 comparison veterans with paired TCDD measurements, made in 1987 and 1992, is also described.
Methods
A previous report (Michalek et al., 1998 ) described the distribution of TCDD levels in 1302 Air Force veterans who served as comparisons in the Air Force Health Study and provided quantifiable TCDD results from serum collected in 1987 or 1992. Since that report, one veteran, found to have participated in the Ranch Hand operation in addition to the Air Force unit that qualified him as a member of the comparison population, has been excluded. Another, previously excluded because his weight and height were missing, is now included because his missing values were recovered from medical records. With this exclusion and addition, the number of comparison veterans with quantifiable TCDD measurements derived from serum collected in 1987 or 1992 remains at 1302. In addition, 117 comparison veterans not previously measured in 1987 or 1992 had TCDD measured in serum collected in 1997. Thus, the total number of comparison veterans with at least one quantifiable TCDD measurement in serum drawn in 1987, 1992 or 1997 is 1419 and are the subject of this report. The TCDD levels of Operation Ranch Hand veterans are not summarized in this paper but have been described elsewhere ( Michalek et al., 1995 ( Michalek et al., , 1996 Michalek and Tripathi, 1999 ) .
In an effort to collect paired measurements, 46 comparison veterans who had a quantifiable TCDD result in 1987 were asked to submit to a second TCDD measurement in 1992. Twenty-four of the 46 were randomly selected from the 1036 veterans whose 1987 serum contained less than or equal to 10 parts per trillion ( ppt ) TCDD and the remaining 22 comprised ( all of ) those whose 1987 serum contained more than 10 ppt TCDD. Thirty-three of the 46 ( 16 with less than or equal to 10 ppt in 1987 and 17 with more than 10 ppt in 1987 ) had TCDD levels above the limit of detection in both 1987 and 1992. We restricted our analysis of paired results to the 33 pairs with both levels above the limit of detection. This restriction was imposed because our analysis required a logarithmic transformation ( described below ) and because levels below the limit of detection were assigned a zero value even though the detection limit was positive.
TCDD was measured in serum lipid by the Centers for Disease Control and Prevention using gas chromatographic/ mass spectrometric methods ( Patterson et al., 1987 ) . Blood collection methods were previously described ( Grubbs et al., 1995 ) . Briefly, all participating comparison veterans were asked to contribute blood for a TCDD measurement at the 1987 physical examination. Of these, 1058 quantifiable serum TCDD measurements were obtained. Those who did not attend the 1987 physical examination or who attended and gave blood but did not receive a quantifiable result were asked to give blood in 1992, resulting in an additional 244 veterans with quantifiable TCDD levels. Those veterans who did not attend the 1987 and 1992 physical examination, or who attended and gave blood but did not receive a quantifiable result, were asked to give blood in 1997. Participation was voluntary and consent forms were signed at the examination site.
Body mass index (BMI ) was calculated as weight (kilograms) divided by the square of height ( meters ) . We used linear models without and with adjustment for age and BMI to assess the significance of changes in TCDD means across examination years. Second -order interac- tions were examined, followed by reduction, when appropriate, to main effects models. The percent of veterans with a TCDD level below the limit of detection was compared across years using the Mantel ±Haenszel chi -square statistic for ordered categories ( Mantel and Haenszel, 1959 ) . With restriction to the 33 paired measurements with both components above the limit of detection, we estimated à`n et'' elimination rate ( ) for each veteran as = (log Y 87 À log Y 92 ) /Át, where Y 87 and Y 92 are TCDD levels measured in 1987 and 1992 and Át is the time (in years ) between the 1987 and 1992 examinations. We called this à`n et'' elimination rate because it was based on the net of the natural elimination and any accumulation that may have occurred. We studied the relation between and Y 87 by stratifying veterans to those with <0.10 year À 1 and those with !0.10 year À 1 and comparing the two strata against quartiles of the 1987 TCDD levels using the Mantel ± Haenszel chi -square statistic for ordered categories. In addition, these 33 paired measurements were analyzed using errors-in -variables regression models in original units ( Fuller, 1987 ) .
All statistical testing was two sided with a significance level of 5%. Statistical analyses were carried out with SAS 1 software ( SAS Institute, 1989 ) .
Results TCDD, the TCDD detection limit, sample weight, BMI, and age are summarized by year in Table 1 . The decrease in average TCDD from 1987 to 1992 was statistically significant and all pairwise contrasts (1982 vs. 1987, 1987 vs. 1992, 1982 vs. 1997 ) were significant at the 0.001 level or less without or with adjustment for age and BMI.
None of the statistical models we used found a significant interaction between year and age or year and BMI and so all interaction terms were removed for the final adjusted inference. Analyses of log (1 + TCDD ) gave the same results. Age and BMI contributed significantly to the main effects final model. BMI did not vary significantly with year, without or with adjustment for age. Sample weights were reduced in 1997 ( median =50.0 g ) relative to 1992 (median =90.1 g) and 1987 ( median =100.1 g ) owing to improvements in the laboratory method. We re -analyzed, after excluding veterans with TCDD levels measured from blood drawn in 1992 or 1997 who had previously received either``no result'' or a value below the limit of quantitation but above the limit of detection. The concern was that veterans with low TCDD levels might be more likely to have nonquantifiable results in 1987 and thus be overrepresented in later years. The results after these exclusions (not shown) were nearly identical to those already described.
The decreasing TCDD distributions are illustrated in Figure 1 . The slope of the least -squares line relating average TCDD level and examination year was À 0.25 ppt / year (SD 0.02 ppt / year ) and was significantly different from zero ( P <0.001 ) . The number ( n) and percentage of veterans with TCDD levels below detection limits increased significantly ( P< 0.001 ) with examination year [1987: n = 75 ( 7.1% ) , 1992: n =39 ( 16.0% ) , 1997: n=36 (30.8% ) ].
TCDD levels, BMI and age of the 33 veterans with paired detectable TCDD levels are summarized in Table  2 . As a group, the 17 veterans with higher TCDD levels were heavier (mean BMI =30.9 in 1987 and 31.7 in 1992 ) than the 16 with lower levels (mean BMI = 28.4 in 1987 and 28.8 in 1992 ) , although the difference was not statistically significant (P= 0.10 in 1987 and 0.12 in 1992 ) . The mean age in 1987 among veterans with higher TCDD levels ( 50.3 years ) was not significantly different from the mean among veterans with lower TCDD levels (49.7 years ), ( P= 0.83) .
Analyses of changes in TCDD and BMI from 1987 and 1992 by group (lower, higher ) among the 33 veterans with paired TCDD measurements with both measurements above the limit of detection are summarized in Table 3 The 33 veterans with paired detectable TCDD levels were cross -classified by dichotomized elimination rates ( year À 1 vs. !0.10 year À 1 ) and by quartile of the 1987 TCDD levels in Table 4 . The percentage of veterans with <0.10 year À 1 exhibited a significant decreasing trend as 1987 TCDD levels increased ( P= 0.002 ) . This trend is displayed in Figure 2 . Thirtytwo veterans ( 97% ) experienced a decrease in TCDD levels from 1987 to 1992. The single veteran whose TCDD level increased (from 2.7 to 6.5 ppt ) reported occupational exposure to furniture refinishing chemicals in the 1987 ± 1992 period.
The errors-in -both -variables regression analyses are summarized in Figure 3 . The slope among those with lower TCDD levels [slope = 0.57, 95% CI ( À 0.10, 1.25) ] was not significantly different from 1.0 (P=0.20 ) and was not significantly different from the slope among those with higher levels [ slope =0.34, 95% CI ( 0.02, 0.67) ] ( P= 0.51) . The slope among those with higher levels was significantly different from 1.0 (P < 0.001 ) . The third panel of Figure 3 shows the combined cohort with separate regression lines for the higher and lower subgroups.
Discussion
The downward trend in TCDD levels ( Figure 1 ) among Air Force Health Study Comparison veterans between 1987 and 1992 ( a 6.6% drop in mean levels per year, equivalent to an elimination rate of 0.068 year À 1 ), was roughly of the same order of magnitude as a drop in TCDD levels observed in German blood between 1989 and 1994 ( Schecter et al., 1996 ) (7.8% per year, or an elimination rate of 0.081 year À 1 ) and with a drop in PCDD / PCDF's between the end of the 1980s and 1996. These results were consistent with the hypothesis that efforts to reduce emissions from industry are having beneficial effects. The paired data exhibited patterns consistent with the hypothesis that as the chemical is eliminated and as serum levels approach zero, additional small amounts being accumulated slow the net elimination rate until a more or less steady state is maintained (Phillips, 1989 ) . The steady-state level appeared to be less than 4 ppt because even at those low levels the average elimination rate was positive (Figure 2 ) . The decreased values in 1992 among those veterans with 1987 levels above 10 ppt ( Figure 3) were consistent with whole -body elimination, regression to the mean, or a combination of these effects.
This study was limited by small numbers of veterans with TCDD measurements after 1987 and the small number with paired measurements, a consequence of the high cost of the measurement. Larger numbers of subjects may produce different results or allow more extensive adjustments. The strengths of the study included rigorous quality control and good compliance.
